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4) j0uicH

Fuel for Gas-Cooled Reactors, mainly HTR

1 Gas-Cooled Reactors
1.1 AGR
1.2 HTR

1.2.1  pebble-bed
1.2.2  prismatic

2 HTR Fuel
2.1 manufacture
2.2 irradiation
2.3 accident simulation

2.4 fuel disposal

3 Modeling and Performance Predictions
3.1 mechanical Failure
3.2 chemical failure
3.2 fission product transport

4 Conclusions
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1 Gas-Cooled Reactors

Fermi pile®Magnox=2>AGR=2>HTR

various names: HTR, HTGR, MHTGR, PBMR, GT-MHR
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1.1 AGR #) ULICH

Advanced Gas-Cooled Reactor in the UK.
AGR reactors use enriched uranium as fuel, graphite
as moderator and CO, as cooling gas.

}

»

50

7. Water

ATR NSUF Users Week 7-11 June 2010, Idaho Falls, ID.

L _,@ 1. Charge tubes

§ 2. Control rods
3. Graphite moderatg

4. Fuel assemblies

@ 5. Concrete pressurs
vessel and radiation

H shielding
§ 6. Gas circulator

8. Water circulator
9. Heat exchanger
10. Steam

Nabielek slide 5

TENTRUM

1.1 AGR:

!)49L1CH

SZENTRUM

Advanced Gas-Cooled Reactors in the UK. A total of 14 reactor units of this
type are in operation in England and Scotland. The plan was that they were

going to be replaced by HTRs, but this was not realized in Britain.

* Coolant: CO,
* Moderator: Graphite
* Fuel is uranium dioxide pellets,

enriched to 2.5-3.5%,

in stainless steel tubes.
* Cladding: stainless steel. In graphite sleeves.
* Operating pressure: 40 atmospheres
* Coolant exit temperature: 650°C

Designed for on-load refuelling,
however not licensed at full power operation

Electrical Efficiency 42%

ATR NSUF Users Week 7-11 June 2010, Idaho Falls, ID.
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alumina pellet —]

1.1 AGR fuel: "

AGRs are using UO, fuel o

pellets enriched between e |

2-3% encased in 14.5 mm il ing | -
diameter stainless steel o e 1 ]

Fuel pellets — ]
tubes about 1m long. 1

centre brace

There are 64 pellets per
950 mm fuel length.

The fuel elements consist
of 36 fuel rods spaced within =<
a grid framework which is oute desve
enclosed within an inner
and outer graphite sleeve.

alurnina pellet

grid

One AGR pellet has the
energy equivalent to
1.5 tonnes of coal.

Stainiess steel Tuel pins eacn
containing 64 U0z fuel pellets.
Asingle ACR assembly produces
the same amount of electricity
as 3,600 tonnes of coal.




1.2 HTR:
Ceramic Materials in GenlV
Nuclear Systems are required

« High efficiency 0.4<n,<0.5

* Ceramic materials and helium coolant
- avoid interactions and phase changes
- are stable to very high temperatures

e Large heat capacity gives passive safety features to
- provide confidence
- simplify plant and control systems

* Many diverse applications beyond electric power
- steam for chemical industry
- process heat applications including H, production

ATR NSUF Users Week 7-11 June 2010, Idaho Falls, ID.  Nabielek slide 9

1.2 High Temperature Reactor

e 700-750°C helium coolant exit temperature: steam for power
generation and/or steam for chemical industry

e 850-900°C helium coolant exit temperature : direct cycle gas
turbine for very high efficiency and reliability

e 950-1000°C helium coolant exit temperature : process heat
including H, production

e [AVR Julich increased temperatures from 750° to
850° to 950°C in the year 1974.....]
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4) j0uicH

BROAD FOUNDATION OF HELIUM REACTOR TECHNOLOGY

source: Eben Mulder Potchefstrom Univ

BASIC RESEARCH DEMONSTRATION OF
VALIDATION EXPERIMENTAL REACTORS BASIC HTGR TECHNOLOGY
e

e — :

DRAGON AVR PEACH BOTTOM 1 FORT ST. VRAIN THTR

(V.K.) (FRG) (U.S.A) (U.S.A) (FRG)

1963 - 76 1967 - 1988 1967 - 1974 1976 - 1989 1986 - 1989

PBEMR-400
HTR-MODUL MODULAR
HTGR

CONCEPT

#4) JULICH
Pebble-Bed HTRs in China
HTR-10 HTR-PM cource: mer




1.2.1 Pebble-Bed BUMS and sphere circulation
BUMS = BUrnup Measurement System

In a pebble-bed reactor,
spherical fuel elements
drop slowly through
the core, are removed,
checked for integrity,
measured for burnup

and re-inserted. E] BB{]
HEEH

\SEDFUL | GRAPMTE |
SO FUEL TaikS.

_ _ _ A JOLICH
1.2.2 HTR Prismatic Design urce: e "

compact

[12.5 mm Diameter
~50 mm Long

360 mm Across Flats
~800 mm Long




M) JULICH
5> HTR Fuel

The ceramic coated particle

HTR
1954 P Fortescue
1956 R Schulten

coating

History of coated particles:

1957 R A U Huddle
1959 W Goeddel
1961 J Oxley, Battelle

fluidised bed coating

Manufacturing
United States
United Kingdom
France

Belgium

Germany
Russia

India

Japan
China

South Africa
South Korea
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2.1 Worldwide History of HTR Fuel Fabrication

Historic fuel from 1964 to 2001. Recent;: USA, SA, France
Fuel quality was improved from 101 to 10




2.1

Particle coating

LS { AnC,H
i 2 C;H,
Cooling water ”‘ :I,‘: : —— Coating tube Ar, CaHy/ C; Hy
Temperature B '.! t‘ 1 "
measuremeant T Al —+—— Cooled container
% ﬁ; dq Hy, GH, 8i Cly
Heater ';} S :1 — Insulation
o | | Ar,C; H, /Cy Hy
P Il
Gas distributor !LIL",EI' i:’ :
Electrical cable == |

Gas inlet tube
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/) JULICH

ORSCHUNGSTENTALM

2.1 Spherical fuel element and coated particle

Fuel Element

Graphite shell
Graphite matrix

60 mm

Coated particles

Pyrolytic carbon layers
Silicon carbide
UQz-kernel

Buffer PyC layer

0.5mm
0.085 mm
0.9 mm

0.
0.035 mm
A 0.040 mm

040 mm

Fuel Particle
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) )ULicH
2.1 HTR Spherical Fuel Element wuce: wer

Fuel Balls
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1

2.1 German Manufacture of Spherical Fuel Elements

has been successfully reproduced in China and South Africa
Matrix powder Coated particles

L
r
i
Prepress with

Kneading, drying Milling Overcoating matrix powder
— ¥
-0 KK xa

Surround fuel zone
with fuel free zone

Heat treatment ~ Lathing Final pressing

Source: NUKEM
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4) j0uicH

2.1 Free uranium measurements from burn-leach tests
on spherical fuel elements from the AVR GLE-3 reload

Modern fuels

+ With the production of LEU TRISO
fuel (GLE-3 and GLE-4), the high
quality level of German HTGR fuel
production could be proven.

25-104

Theoretical results
Mon-zero bum
loach moasure-
mants (AVR 18]

With X defective | And additional
particles of mean | scatier region
of:ladl
kemel diameter

komel damator

2+ 104

* From the approximately 24,600 GLE-
3 fuel spheres (reload charge 19), 70
were taken for quality control.

* Results show that the Ugree/Utotal
ratios were observed to be integer
multiples of a coated particle inven-
tory (1/16400 = 0.61 » 10-4), meaning
that the free uranium is mainly from
particles with a defective SiC coating.

* [t demonstrated thus the extremely
low contamination level of the matrix
material with U-235 basically origina-
ting from natural contamination of the
graphitic raw materials. 0

1.5+ 104

1+1044 .

Fraction of free uranium
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2
| |
2.1 ® O  Measured Burn-Leach %
@
Burn-leach 5 —— Model early NUKEM
results on as- 5
o [
manufactured I Model late NUKEM
. o
spherical fuel 2
- /]
elements ° 1
compare well b
o
between 5 i
Germany, é § /
China and 3
South Africa
Q
0
0 10000 20000 30000
Number of particles in spherical fuel element

Number of particle defects in manufacture as a function of the number of particles in a
spherical fuel element. The red circle are Chinese 2001 results and the green circle are
African 2009 results.




2.1 US HTR fuel manufacture 1970-1995 OJUL'CH

FLUIDIZED-BED TRISO PARTICLE COATER

4 — -

FUEL KERNEL GELATION UNIT

source: Saurwein, GA

33
XX
»

¥

s

"
Ty

59,5004

Compaction Mold

Overcoétihg nd Compacting vs.
Slug Injection Process

Top platen

[Hotligd picly ] Molding|
. force

TRISO
i 4—+—Graphite shim

Steel mold

2.1 Recent US kernels, particles, compacts from 2000+. Source: Pappano ORNL




#) JULICH
51 HTR b donl s
all-ceramic core materials, therefore
temperatures up to 1000°C are possible

Moderator

Reflector Nuclear Graphite

[Fuel Element]

Matrix Graphite

UO, kernel

Fuel Body Coated Fuel

Particle Pyrocarbon

Coating
SiC
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4) J0LicH

2.1 Coated Fuel Particle

 Buffer Layer (Low density carbon, 95 um)
- Void volume for fission gases

* iPyC (40 um) High density F?aggukslrnel
- Stop gaseous fission products and PyC
protects SiC
- Seals off the kernel Sic
0.920mm
* SiC (35 um) Low density
- Retain gas and metal fission products PyC

- Enhances mechanical stability

« 0PyC (40 pim) Coated fuel particle
- Protects SiC mechanically
- Fission product barrier in particles with defective SiC
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2.1  Each layer in the Triso particle design 4 JULICH
plays arole in fuel performance and I
fission product retention

LAYER FUNCTION

Oxide Fuel Kernel Contains Fuel Material
Diffusion Barrier/ Chemical Holdup
Structural Base of Particle

Buffer Void Volume for Gaseous FP
Accommodates Kernel Swelling
Sacrificial Layer for Fission Fragments

inner Pyrocarbon Gastight Coating/ Protects Kernel from Cl,
Diffusion Barrier Metallic FP
Reduces Tensile Stress on SiC

SiC Primary Metallic FP Diffusion Layer
Primary Pressure Retaining Layer

outer Pyrocarbon Gaseous FP Barrier
Diffusion Barrier Metallic FP
Reduces Tensile Stress on SiC
Provides Bonding Surface for Overcoating,
or Matrix Material, respectively
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2.2 lrradiation Test
Rig & Capsule

The fuel elements in an irradiation test are
contained in one or more instrumented,
independent capsules that provide:

F=

« Fuel Temperature Monitoring,

t : == Thermocouple
| _— Purge gas pipe
| — Radiation shields

* A Closed Purge Gas System for:

N

-
- Active Temperature Control (He/Ne Ratio)

%*?E;’%’%

| Graphite cup

- On-Line Fission Gas Release Monitoring L H—— Test fuel element

(via quantitative gamma spectrometry)

« Dosimetry Materials (fluence)

* Neutron Flux Detectors.

daho Falls, ID.  Nabielek slide 28




4) J0LicH

Capsule 1

2.2 X-ray photograph from the assembled capsules 1
and 2 for MTR irradiation experiment FRJ2-K13

4) J0LicH

2.2 LEU TRISO UO, IRRADIATION TESTS

*Phase 1 Irradiation Tests — Identify and
quantify all mechanisms contributing to
fission product release

*Phase 2 Irradiation Tests — Simulation of
manufacturing process and operational
conditions for HTR-Modul Reactor Design

*Real-Time AVR Irradiation - Bulk testing of
fuel under reactor operating conditions

ATR NSUF Users Week 7-11 June 2010, Idaho Falls, ID.  Nabielek slide 30




18
LA T frizkisz
FRJ2-K15/3 / B
16 _—
FRI2-K15/1 N

15 -—
—~
< 1
> HFR-P4/1& 2
[ T Y A N _ _HFRPAB. _ _ _ _ _ _ _ _ _ _ _
X
o .
SR SL-P1/L
(o8
= ST I _o_wreKaz_ | L _ _ _ | |- ________________
E 11

5 HFR-K3/3

2 10
1]

ol - - _ | |- L

L FRI2-K13/1& 2 FRI2-P2712
Burnup vs. Temperature Limits /
8
7
FRI2-P27/1 FRI2-P27/3
6
600 700 800 900 1000 1100 1200 1300 1400

Temperature (°C)
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4) joLicH

2.2  On-Line Monitoring of Fission Gas Release

Release Rate to Birth Rate (R/B) of fission gases as a function of burnup from
experiment FRJ2-K15 in the Jilich DIDO reactor . The spikes in R/B were measured
during +200°C temperature transients. The slow increase in R/B is from uranium
contamination of natural enrichment.

107
1078 B
Ll L]
i i
10°°
ool &
0 15

| Wxe1338 Owssm @Kms  Oxetds A ke |
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/) JULICH

THUM

1 T |
1 E HFR-}I(3/2,3 1 HFR-K3/4
1029 ZERO FAILURE T ZERO FAILURE
= ZERO FAILURE
g i o) u i
& o4
@ 10
& i i i
1076
1 i | T Y4 soereehie A
Y Y L L ¥ R A ™
et I
1400
£ 1200
[
‘é Sphere surface Sphere surface
€ 1000 it it et
o A _’_ﬂ
o
§
= 800 : pt :eielsurface
I ]
T T T
0 100 200 300 400 100 200 300 400 100 200 300 400
Irradiation time (full power days)
2.2 Gas release rates and temperatures during a typical irradiation of

spherical fuel elements (experiment HFR-K3)
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2.2 Accelerated MTR Testing &
HTR Modul Proof Testing

LEU UO, TRISO Particle Performance

88Kr R/B values for HFR-K6/Capsule 2
« Based on 85mKr & 8Kr Noble gas release throughout its 634 day irradiation
measured at EOL of all MTR experiments

| —_—
« Total of 19 reference spherical elements tested | L J"—I | [_
and evaluated: 20EDT | LLlr Lri"

- 11 elements / 4 Accelerated MTR Tests
- 8 elements / 2 HTR Proof Tests

R/B

20ELT

« No in-reactor failure observed in 278,760
particles tested to HTR Modul normal operating

e 10EQ7T T
conditions.
[y n® [x]

B 8 8 8B &8 B 8
Temperature (°C)

0 ™
.
« Collectively, the EOL failure level observed DOEH0 -‘--""r_ 0
from reference elements was 1.07x10° (upper o 0 W0 W 40 0 6O 70
95% confidence limit) Irradiation Time (full power days)

« In-reactor particle failure was observed in

some non-reference fuel specimens .
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#) JoLicH
2.2 AVR ReaI-Ti me 1uoHeatup tests in graphite furnace

. . . I [ [
Irradiation Testing I
U0 TRISO |
1077 4 =o=2+ 3 % FIMA-
GLE 3 Fuel Element Performance —o=T+9%FIMA| | | /
=7 I N ‘ -
+ Based on #Kr Noble gas release measured at 10 i ] som/./ ;
1250°C during accident simulation testing | | sz s
c V.”" | o
£ ‘ Y ol Vi N /.
+ 14 GLE Elements Investigated: s / l{. i |
Burnup: 1.7 to 9.25% FIMA, - E | | i AT628
Fast Fluence: 0.19 to 2.94 x10%5 n/m2, E >16fJ - g 0 [ &MF f
Operating Temperature: 950°C < T < 1380°C E ! L | /
& I; | ?5"2;; /? N | Failure
= No failures observed in 233,520 particles tested 2 408 ==
0 L "'-—'"?’0' |
|- °
| 0= {
« EOL failure level of 1.28 x10°5 (upper 95% " | / nj
) e j I — T - =
confidence limit) 1 ! g
o lor— 7619 ‘
o = a2
T

1200 1500 1700 1300 2100 2300 2500
Temperature (°C)
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2.2 Observations from irradiation testing

« Advanced irradiation testing capabilities in Material Test Reactors
(MTRs) have provided essential fuel particle performance data on
a timely manner.

* In-reactor performance in real-time HTR environments and
accelerated MTR environments are closely matched as expected
provided no adverse affects occurred due to the accelerated
neutron environment.

*  Modern HTR TRISO fuel particles have been shown to retain
fission products during normal operation and under accident
conditions. Full demonstrations have been performed.
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2.3 Cold finger apparatus (KUFA) #) JULICH
and associated instrumentation that
monitors fission products during accident
simulation testing of |rrad|ated fuel elements
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2.3 Accident conditions testing: quasi- ‘!)JUL'CH
continuous release of solid metallic fission products

Removal of cold finger

Insert new
condensation

Caesium 137 Strantium 90 i
Caesium 134

lodine 131

Furnace with spherical fuel element gadilan




2.3 Julich accident simulation testing with complete
irradiation spherical fuel elements in the temperature
range from 1600° to 2100°C

Krypton Release

10°
107"
2100°C

o2 MR TG
]
% AR 7053
o 1w
o) 1800 °C
=
('_5 -4

104
c AVRT4/10 [
g AR T4 1800°C
Q
8 ot
“— HFR- FRIZ-K 1374

S 700 °C
! HFR-K3/1
10 K'S'??- l 1
——'———"—_‘l_' 600 °C
?_A—-——.‘—-—— AVR 1722
w.r..r—-.[/'.‘-______ —
100 200 300 00 50

heating time (hours)

107
o 1800C_|
AAVRTAND
HRKIS L mmrens
7;5“7:@
o2 d
;(' v —a— 1800°C
| e —a— 1700
| /. —o— 1600°C
R v/ .
/f !
as |
» |
M/ iy el
-
';Lﬂ';::e’ FREZ-KI32 ARTIZ2 -
O s —v
1075 -
0 [ 600 | o+~
f | " HERKAN
ot FRIZ-KIZE o=
o
‘0—5 l/‘-:: oo™
/T
107 +— —]
108
100 200 300 400 500

Cesium Release
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release

Fractional

2.3 ORNL accident simulation testing Japanese coated
particles irradiated in HRB-22 in the temperature range
from 17000 tO 1800°C source: K Minato et al, Nucl Techn 131 (2000), 36.

1700°C

100 3 T T T T TS
- T
10,1 L 110mAg » ]
E ) ! /.
2 4
10 "k 154}/‘ E
137 /
10,3 i Cs /.f J
% Kr
1074 /MM E
10-5 1 L I 1 I
0 50 100 150 200 250 300

Heating time

(h)

release

Fractional

1800°C

1OD T T T T
——
”D'“Ag e -
o L .
107'E - Wes e
- e 1
- e i S o
T
P 28gp \ J
E < s 85 E
F Eu Kr
-a B
10 " F E
F 3
107k 3
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Heating time
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Scheme of the fuel element oxidation facility KORA

'Ot;‘izag"“ Gas-cleaning-traps Tmax = 1550 °C in oxygen/air
chamber 1,0 co Tritium Tmax = 1100 °C in steam/He

Hot cell

Liquid Fission Filter for solid
N2 gas trap @ fission products
g (charcoal) Compressor
Nal- Gas
detector tight

box

| J

Furnace

Heated pipe

2.3 Destruction of TRISO particles in air — OJUUCH
experimental results (KORA)

1E+0
1600 °C (1 batch of 10 CP)

= ° Failure fraction of fuel particles 5
% 1:;‘5 00 °C ts within fuel spheres during heating 1400 °C
3 (3 exparimen in air at 1300 °C and 1100 °C/ (batch
= each on a 1400 °C, and of CP-batches of 10 CP)
@ 1E-2-  batch of (10 intact CP each) at 1400 °C,
% 10 CP) 1500 °C and 1600 °C
3
=
=] 1400 °C
g 1E-4 (fuel spheres) 1300 °C
= (fuel spheres)
2 1 particle failure \
‘©
= L—— 1100 °C -

1E-6 Graphite gasiﬁcali?n TR | : -

0 100 200 300 400
Time [h]
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2

.3 Estimated limits of TRISO particle performance:
(left green): in inert atmospheres, (right red): in air.

Data derived for a variety of burnups to 15% FIMA and various heating and oxidation times.

Cp failure fraction

Temperature T [K]
2500 2[3[00 1750 1 5|00
149

Air

01

0.01 -

0.001

0.0001

1e-05 T T T T
0.0004 0.00045 0.0005 0.00055 0.0006 0.00065 0.0007

Inverse temperature 1/T [K-1]

2.3 HTR fuel behavior
in air under accident conditions:

0 TRISO fuel is stable in air up to about 1300-1400°C;
fast destruction at 1600°C

o Compared to He,
failure temperatures in air are reduced by 400-600°C
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2.4 Fuel disposal:

proposed reaction mechanisms

Penetration

Diffusion i Corrosion | Corrosion
Open Pores { Corrosion rate lower |
. { than for graphite ? |
Corrosion 1 j ! .
Influences thepore | Ml€Chanical | Mechanical
e stabilty i stability i stability
Diffusion Diffusion

Corrosion

v

4) J0LicH

Diffusion | Fuel

| dissolution

Dissolution rates of
mixed oxides
Rapid dissolution of

' segregated

radionuclides

TRISO 0.04 0.04 + 0.095
2 Pyrocarbon
s :
B Graphite Pyrocarbon and Buffer
@ 60 mm
o8] Zmmiuelfree. \BISO 0.08 0.02 + 0.08
Diffusion | Diffusion? | Diffusion? | Diffusion | Secondary
Somption? | Sorption? | Sec.phases? Sorption ? | ﬁ%
Eh control ? | Ehcontrol ? | Sorption ? Eh control ? ! Precipitation
! ! | Reduction= { Sorption
Precipitation,
< Secondary phases
Mobilisation
#) ULICH
Radioactivity . .
(68 2.4 Protection during the
ik first 10,000 years
IS important
mE -
IU! b=
m# f—
Original Ore
io* |-
IDZ_
| | | | I |
I I o it 10f iy lig

Years
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4) j0uicH

Fuel for Gas-Cooled Reactors, mainly HTR

3 Modeling and Performance Predictions

3.1 mechanical Failure
3.2 chemical failure

3.2  fission product transport
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4) j0uicH

3.1 SiC properties

» 35 um thick, + 1.6 um

» B-SIC, type 3C

> p > 3.20 g/cm?® (practical theoretical density)
> CVD, 1500 < Ty, < 1600°C, Vg, ~ 0.2pm/min

» columnar structure, but not too large grain size
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- . #) JULICH
3.2 SIiC property data required

Ostrength
0,=834—687 MPa
m =8.0 -»6.0

unirrad. —irradiated at high temperatures

Qfission product transport speed  p(cs_in_sic)- 6.7x10m's] exp(fmk;%j

D(Ag_in_SiC)= 3.6x10’9[mzs’1] exp[—%j

Ucorrosion due to fp-SiC interaction

resulting in thinning of layer thickness avfin]=

l5.87><107ms1 ex| _1795kJ /mol dt’
| [ms?] exp

o RT(t)
Pd attack limiting under accident conditions

USiC thermal decomposition
problem only at temperatures > 2000 T
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4) J0LicH

3.1 SiC strength

j HOBEG Particle Batch EO 1607 ‘&
} & T
| |
| ‘ |
| |
1 t
T T
| |
| |
| |
| |
= | |
o | |
s 0.1 : \
=] | |
= ‘ —
i * Irradiated, :
\ med=687 MPa,
T m=5.96 —
|
I |
0.01 I ® Unirradiated, —
+ med=834 MPa, —
7Y : m=8.02 ]
1 T — |
i i i
0.001 t + t + +
100 300 500 700 900 1100

. Nabielek slide 50
SiC Fracture Strength (MPa)




#) JOLICH
3.1 Gas pressure buildup during normal operation

Total pressure = fission gas Xe,Kr presure + CO pressure

&0 I
—— T=1200°C /
------- 1000C_total
_ —5— 4200€_CO /
[:]
g - {000C_CO /
% /
£ AR
e
- {
a-u-u-a® T
400 600

. Nabielek slide 51

Irradiation time {full power days)

- - - M) JOLICH
3.1 Mechanical coated particle failure = JaLicH
0 internal gas pressure induces stresses in the coating layer
0 when stress exceeds strength ->the layer fails, but
- statistical strength distribution
- statistical distributions of dimensions
must be considered.
1E40 T T =)
1E4 [ ~T=00C /’x 1E+0 r T :
1E2 T omagsrc — < §  1E- - > i
§ 1€3 - ,“/f g 1E2 . /—
§ 164 v s 3 1E3
® ad . ®  1E4 P
= 1E5 y, a
3 A B 1ES
71E6 ; 2
1E7 A/ & 1E6
1E4 ,/ TE7 / [
F 1E-8 + . !
L 700 900 1100 1300

0% 5% 10% 15% 20% 25%
Burnup (%FIMA) Irradiation temperature (°C)




3.1 Mechanical coated particle failure 0JUUCH
Prediction of coated particle failure probability for
HFR-EU1 irradiation test with different computer
models in international cooperation
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3.2a Chemical failure: amoeba effect 0JUUCH

*UO, fuels only: kernel migration attacks coating layers
eparticle fails when coating layer is getting too thin

stypically only in high power density fuel rods
due to high temperature gradient
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3.2a Chemical failure: Pd attack

echemical attack of fission products at the
inner SiC surface

sparticle fails when coating layer is getting too
thin or too weak
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3.2a Chemical failure: Pd attack rates

Interaction Rate (L m/hr)
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3.3 Fission product transport,
e.g. release prediction

of short-lived fission gases in a test
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Conclusions on HTR fuel

* Modern HTR fuel particles retain fission
products during normal operations and in
accidents. Full demonstrations have been
performed.

 Predictive models for mechanical particle
performance and fission product transport
are available.

 Safe retention and protection is being
demonstrated for long-term storage
conditions
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